F I G U R E 1 Identification of protein factors that interact with
human THO. (a) RNase A-treated HeLa whole cell extracts were subjected to immunoprecipitation with anti-THOC7 antibody (lane 2). In lane 1, rabbit anti-mouse IgG was used as a control. Immune pellets were subjected to SDS-PAGE and visualized by silver staining. Protein bands, marked on the right of the lane, were cut out from the gel and subjected to mass spectrometric analysis. The positions of the molecular weight markers are indicated on the left in kilo-Daltons. The positions of the factors described in the text are indicated on the right. (b) RNase A-treated HeLa whole cell extracts were subjected to immunoprecipitation using different anti-THO antibodies as indicated on top of each lane. In lane 2, rabbit anti-mouse IgG was used as a control. The immune pellets were subjected to Western blot using the antibodies indicated on the right of each panel. Anti-Ago2 was used as a negative control. The positions of molecular weight markers are indicated on the left in kilo-Daltons. (c) RNase A-treated HeLa whole cell extracts were subjected to immunoprecipitation using anti-THOC5 and anti-THOC7 antibodies. In lane 2, rabbit anti-mouse IgG was used as a control. The immune pellets were subjected to Western blot using the antibodies indicated on the right of each panel. The positions of molecular weight markers are indicated on the left in kilo-Daltons In addition to the bona fide termination and CPA factors, different RNA/DNA helicases participate in the transcriptional termination and transcript release steps. An RNA/DNA helicase, called senataxin, and a DExD/H-box RNA helicase, called DHX9, have been shown to resolve RNA/DNA hybrid (R-loop) structures formed behind elongating RNAP II and thus allow efficient access of XRN2 to the 5′-end of the cleaved read-through transcript (Cristini, Groh, Kristiansen, & Gromak, 2018; Skourti-Stathaki, Proudfoot, & Gromak, 2011) . Moreover, although the underlying mechanism has not been fully analyzed, p68, a fly ortholog of the human DExD/H-box RNA helicases DDX5/DDX17, promotes the efficient release of hsp70 mRNA from chromatin (Buszczak & Spradling, 2006) .
The evolutionarily conserved TRanscription-EXport (TREX) complex consisting of the THO subcomplex with ALYREF and Uap56 couples pre-mRNA transcription, 3′-end formation and subsequent nuclear export (Chanarat, Burkert-Kautzsch, Meinel, & Sträßer, 2012; Katahira, 2012; Katahira et al., 2013; Shi et al., 2017) . Previously, we showed that knockdown of THOC5, an RNA binding component of human THO (hTHO) , in HeLa cells perturbs nuclear export of HSP70 mRNA, resulting in accumulation of the mRNA at transcriptional foci (Katahira, Inoue, Hurt, & Yoneda, 2009 ). The pattern of nuclear mRNA retention resembles to that observed when CPA and/or termination processes are compromised; however, the detailed molecular mechanism of this has yet to be addressed.
In this study, we examined the functions of the hTHOinteracting factors XRN2 and DDX5/DDX17 on the HSP70 mRNA release process. Our data suggest that these factors cooperatively restrain the formation of R-loops, thereby facilitating transcriptional termination and subsequent transcript release from the HSPA1A locus.
| RESULTS

| Identification of hTHO-interacting proteins
To identify protein factors that interact with the hTHO complex, we carried out immunoprecipitation analysis. Several prominent protein bands were detected in an anti-THOC7 immune-pellet ( Figure 1a) . The THO components, including hHpr1 (THOC1), THOC2 and THOC5, as well as the known THO-interacting proteins, such as ALYREF (data not shown; see Katahira et al., 2013) , CPSF6 (Katahira et al., 2013) , CHTOP (Chang et al., 2013) , YTHDC1 (Lesbirel et al., 2018) and CBP80 (NCBP1; Cheng et al., 2006) , were identified by mass spectrometric analysis (Supporting information Table S1 ). In addition, the 5′-3′ exonuclease XRN2, which is involved in RNAP II termination (Proudfoot, 2016; West et al., 2004) , was identified as a novel hTHOinteracting factor. Moreover, evolutionarily conserved nuclear DExD/H-box RNA helicases, such as DDX5 and DDX17 (Fuller-Pace, 2013; Janknecht, 2010) , were identified (Supporting information Table S1 ). The interaction of hTHO with XRN2, DDX5 and DDX17 was confirmed by Western blotting using specific antibodies (Figure 1b, c) . In addition, pre-mRNA cleavage factor CstF64 ( Figure 1b ) and CstF77 (data not shown) were also detected in the anti-THO immune pellets, as we have previously reported (Katahira et al., 2013) , whereas Argonaute2, which was not identified in the mass spectrometric analysis, was not (Figure 1b) . Taken together, we concluded that hTHO interacts with various factors involved in transcription, pre-mRNA 3′-end processing and transcription termination.
| Dynamics of RNAP II, THO components and CPA/transcription termination factors on the HSPA1A locus during gene activation
To analyze the interplay among hTHO and its associated CPA/transcription termination factors, we carried out chromatin immunoprecipitation (ChIP) analysis. To achieve this, we used PCR primer sets that amplify different regions of the HSPA1A locus (Figure 2a ), which is a known target gene of hTHO/TREX ). When cells were cultured at 37°C, only a small amount of poised RNAP II was cross-linked to the promoter region as was described previously (Gilmour, 2009) , whereas the gene body was almost completely devoid of RNAP II (Figure 2b ). Soon after gene activation by heat shock, a robust cross-linking of RNAP II was detected from the promoter region to ~6 kbp downstream of the polyadenylation site. The components of hTHO, such as THOC2 and THOC5, were also recruited to the entire transcribed region upon gene activation ( Figure  2b ). The localization of THOC2 and THOC5 was biased toward the 3′-end of the gene (Figure 2b ), as reported for the yeast THO/TREX (Abruzzi, Lacadie, & Rosbash, 2004; Kim, Ahn, Krogan, Greenblatt, & Buratowski, 2004; Strässer et al., 2002) . In addition, we noted that significant amounts of THOC2 and THOC5 were cross-linked downstream of the cleavage/polyadenylation site together with RNAP II. This is in contrast to the localization pattern of the yeast THO/TREX components, which occupy the gene body of active loci but dissociate from the gene immediately downstream of the polyadenylation sites (Abruzzi et al., 2004; Ahn et al., 2004; Kim et al., 2004; Strässer et al., 2002) . The difference in these localization patterns may reflect differences in the mechanisms of CPA and termination in yeast and human cells.
In contrast to the distribution of RNAP II and the THO components, we found narrow peaks of CstF64, XRN2 (Figure 2b ) and CstF77 (data not shown) to the 3′-region of the HSPA1A locus. The peaks were ~1 kbp downstream of the polyadenylation site ( Figure 2b ; primer sets 7, 8 and 9). The peaks of these factors overlap with that of RNAP II, indicating the region where these factors accumulated is the RNAP II pause site of HSPA1A gene (Anamika et al., 2013; Glover-Cutter et al., 2008; Gromak et al., 2006; Swinburne et al., 2006; West et al., 2004; Figure 2a, b) . Our data also indicate that at the pause site of the HSPA1A gene, preparations for transcription termination and transcript release, such as the recruitment of termination/CPA factors, reorganization of the transcription machinery and pretermination cleavage of nascent transcript, may occur (Anamika et al., 2013; Glover-Cutter et al., 2008; Gromak et al., 2006; Richard & Manley, 2009; Swinburne et al., 2006; West et al., 2004) . Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) analysis revealed that the relative amount of the HSP70 mRNA at 40 min after heat shock was slightly increased when XRN2 was knocked down (1.32 times greater than control). However, the increase seemed too small to explain the 2.5-to threefold increase in the sizes of the nuclear foci. The data, therefore, suggest that down-regulation of THOC5 might impede the processivity of XRN2, hence slowing down the release of the transcript and the polyadenylation factors from the HSPA1A locus. Consistent with this idea, the relative amount of the downstream read-through transcript (e.g., the transcript corresponding to regions 8 and 9) was increased by downregulation of THOC5 (Figure 3e ).
Analysis of the 3′-end structure of HSP70 mRNA by a ribonuclease protection assay (RPA) revealed that the vast majority of the transcript was properly cleaved at the polyadenylation site in the THOC5 knockdown cells (Figure 3f ), indicating that F I G U R E 3 Knockdown of THOC5 affects termination but not the CPA process. (a) HeLa cells were treated with the indicated siRNAs for 72 hr. Total cell extracts were subjected to Western blotting using the antibodies indicated on the right of each panel. (b, c) HeLa cells treated with the indicated siRNAs were shifted to 43°C for 20 min. The cells were subjected to ChIP analysis using the antibodies indicated on top of each panel. ChIP efficiency (arbitrary unit) at primer positions 7, 8 and 9 was calculated. Values are the mean ± SD of three technical replicates. Double asterisks above the bars indicate significant differences as determined by Student's t test (p < 0.01). (d) HeLa cells treated with the indicated siRNAs underwent a temperature shift for 40 min and were subjected to FISH analysis using FITC-labeled human HSP70 oligonucleotide probes (green). Nuclei were counterstained with Hoechst 33342 dye (blue). (e) Read-through transcription was measured using qRT-PCR primer sets shown in Figure 2a and is expressed as fold-change relative to siDsRed-treated cells. Values are mean ± SD of 3 technical replicates. Asterisks above the bars indicate significant differences determined by Student's t test (*p < 0.05, **p < 0.01). (f) HeLa cells treated with siRNAs shown at the top of each panel were temperature shifted at 43°C for the indicated period. Total RNA isolated from each culture was subjected to RPA using radio-labeled HSPA1A and β-actin probes. RNA size markers, undigested probes and negative controls (yeast total RNA) were run in lanes 1-3, respectively. The amounts of the HSP70 mRNA relative to the β-actin reference mRNA under different conditions are shown at the bottom of the panel. The position of the cleavage site (vertical arrowhead) and the protected probe sizes are shown at the top of the panel Genes to Cells KATAHIRA eT Al. the transcript in the nuclear foci is most likely the full-length HSP70 mRNA. Quantification of the RPA data showed that the relative amount of the HSP70 mRNA was slightly decreased by THOC5-knockdown (Figure 3f) , confirming that the increase in the size of HSP70 mRNA-containing foci is not simply due to an increase in the amount of the mRNA.
F I G U R E 4
| Down-regulation of DDX5/17
induces the accumulation of HSP70 mRNA in transcriptional foci Different RNA helicases have been shown to participate in the transcriptional termination and transcript release steps. As described above, we identified DDX5 and DDX17, which are the closest human orthologs of fly p68 (Buszczak & Spradling, 2006) , as novel human THO-interacting factors in this study. Thus, to examine whether these RNA helicases are required for HSP70 transcript release in human cells, gene knockdown experiments were carried out. As DDX5 and DDX17 are the most closely related paralogues that function as heterodimers and play redundant roles (Jalal, Uhlmann-Schiffler, & Stahl, 2007; Ogilvie et al., 2003) , we used a siRNA that simultaneously targets both helicases (Dardenne, Polay Espinoza, & Fattet, 2014) . As shown in Figure 4a , the expression of DDX5 and DDX17 was efficiently down-regulated by this siRNA. Then, the localization of HSP70 mRNA was analyzed under the DDX5-and DDX17-depleted condition. Indeed, we found that the amount of HSP70 mRNA that accumulated in nuclear foci was significantly increased compared to that of control conditions (Figure 4b ). The relative amount of the HSPA1A mRNA showed only a slight increase under the DDX5/DDX17-depleted condition (1.34-fold increase). ChIP analysis revealed that depletion of DDX5/DDX17 induced the accumulation of XRN2 and CstF64 at the pause site of the HSPA1A gene (Figure 4c, d) . Moreover, the cross-linking of THOC5 at the pause site was also increased (Figure 4e ). In addition, the amount of the downstream read-through transcript was increased (Figure 3e ), but cleavage at the polyadenylation site was mostly unaffected (Figure 4f ) in DDX5/DDX17-depleted cells. These data indicate that DDX5/DDX17 is required for transcription termination and transcript release steps of the human HSPA1A gene. We found that DHX9, which was implicated in transcription termination of β-and γ-actin genes (Cristini et al., 2018) , also copurified with hTHO (Supporting  information Table S2 ). However, knockdown of DHX9 did not significantly alter the sizes of the HSP70 mRNA-containing nuclear foci (Supporting information Figure S1b ).
| Over-expression of RNase H liberates
HSP70 mRNA from nuclear foci
In yeast, it has been shown that THO prevents the formation of transcriptional R-loops. Aberrant R-loops formed in the absence of THO interrupt DNA replication and induce genome instability (Gómez-González et al., 2011; SantosPereira & Aguilera, 2015) . It has also been shown that various DNA and RNA helicases as well as XRN2 prevent the formation of transcriptional R-loops (Boulé & Zakian, 2007; Cristini et al., 2018; Hodroj et al., 2017; Kim, Choe, & Seo, 1999; Morales et al., 2016) . To test the possibility that aberrant R-loop formation contributes to transcript accumulation of the human HSPA1A gene, we over-expressed RNase H in THOC5-and DDX5/DDX17-depleted cells, and HSP70 mRNA localization was analyzed by in situ hybridization. As shown in Figure 4g , over-expression of RNase H, to some extent, reduced the size of HSP70 mRNA-containing nuclear foci in both THOC5-and DDX5/DDX17-knockdown cells (Figure 4g ), indicating that R-loop accumulation might affect the transcript release from the HSPA1A locus.
| DISCUSSION
Proper formation of the 3′-end is a prerequisite for mRNA release from transcription sites and subsequent nuclear export, and this final step in gene expression is closely linked to transcriptional termination and mRNA maturation. In this study, we analyzed the roles of hTHO and its associated factors and found that hTHO together with the evolutionarily conserved DExD/H-box RNA helicases play roles in these processes. Based on the present results, we favor a model in which the formation of aberrant transcriptional R-loops around the transcriptional pause site in the absence of these factors attenuates the ability of XRN2 to process the readthrough transcript, resulting in prevention of transcription termination and accumulation of HSP70 mRNA at the transcriptional foci ( Figure 5) .
A previous study analyzing heat shock gene expression in fruit flies indicated that the DExD/H-box RNA helicase p68 is required for transcript release from the hsp70 locus. Full-length hsp70 mRNA accumulated near its site of transcription following heat shock of rm62 (the gene name of p68) homozygotes (Buszczak & Spradling, 2006) . The accumulation of mature hsp70 mRNA near the transcription site found in this mutant fly closely resembles those observed in THOC5-and XRN2-depleted HeLa cells. In addition, knockdown of DDX5/DDX17 in human cells recapitulated the accumulation of HSP70 mRNA at nuclear foci. Moreover, we found that DDX5/DDX17 depletion increased the amount of XRN2, CstF64 and THOC5 associated with the pause site of the HSPA1A gene concomitant with an increase in the amount of read-through transcript, the latter of which is a hallmark of transcriptional termination defect. Interestingly, Dbp2, a yeast ortholog of DDX5/DDX17, has also been implicated in the control of R-loop formation and transcription termination process (Cloutier, Ma, Nguyen, & Tran, 2012; Genes to Cells KATAHIRA eT . Thus, our data indicate that the conserved RNA helicases carry out similar roles in gene expression in mammals and that the steps in which they participate are most likely transcriptional termination, recycling of these factors and subsequent transcript release. As the amount of DDX5 at the HSPA1A pause site was slightly increased by THOC5 knockdown (data not shown), hTHO may not control DDX5/ DDX17 recruitment to the heat shock gene but might regulate their activities. For the human β-and γ-actin genes, another abundant DExD/H-box RNA helicase, DHX9, which was identified as a constituent of the R-loop interactome, promotes transcriptional termination (Cristini et al., 2018) . Although we identified DHX9 as a hTHO-interacting factor, we observed, at most, only a marginal effect of knockdown of this RNA helicase on HSP70 mRNA release from the gene locus. The results indicate that these different RNA helicases are not functionally redundant and may play gene-specific roles.
A recent report revealed that XRN2 accumulated in Rloop-containing nuclear foci and that shRNA-induced loss of XRN2 led to accumulation of R-loops (Morales et al., 2016) , implicating XRN2 in R-loop biogenesis. Over-expression of RNase H, which resolves R-loops by hydrolyzing RNA molecules in RNA/DNA hybrids, at least partially, reduced the amount of HSP70 mRNA retained at the nuclear foci. This suggests that R-loops formed upon knockdown of THOC5 or DDX5/DDX17, indirectly or directly disturb transcript release. Structural studies indicated that the entrance to the active site of the XRN family of exoribonucleases is not wide enough to accommodate double-stranded nucleic acids (Chang, Xiang, Xiang, Manley, & Tong, 2011; Jinek, Coyle, & Doudna, 2011; Nagarajan, Jones, Newbury, & Green, 2013) . Therefore, the hybrid formed between the read-through transcript and the template DNA, and probably the protein factors associated with such aberrantly structured regions, could physically block the action of XRN2, resulting in a delay in the termination process ( Figure 5 ). We have also carried out a genome-wide ChIP-seq analysis of XRN2 in non-heat-shocked HeLa cells. We found that the amount of XRN2 around the transcriptional termination regions of various genes was also increased upon down-regulation of THOC5 (Y. Kamikawa and J. Katahira, unpublished data). Although we admit further analysis is still required, we think that a similar mechanism is in operation in other non-heat shock genes.
The molecular details of recruitment and subsequent formation of CPA and termination machinery are becoming more well understood (Anamika et al., 2013; Glover-Cutter et al., 2008; Gromak et al., 2006; Hsin & Manley, 2012; Lian et al., 2008; Richard & Manley, 2009; Swinburne et al., 2006; West et al., 2004) . In contrast, the mechanism of the disengagement of intricate protein complexes from active loci after completing their functions is only poorly understood. Previous studies have indicated that the association of mRNA export factors facilitates the removal of CPA factors by remodeling of mRNP composition in different organisms (Qu et al., 2009; Rougemaille et al., 2008) . It was also reported that retention of aberrantly processed mRNAs is a function of the nuclear exosome (Hilleren et al., 2001) . Our data may provide a clue for further mechanistic insights and suggest that the efficient removal of the retention factors (i.e., the components of the CPA machinery and probably nuclear exosome) by XRN2-mediated termination is also required for this process. However, further analysis is still needed to better understand the molecular details, for example, by which the completion of the termination process signals to the mature mRNA to be released from the gene locus for nuclear export ( Figure 5 ).
| EXPERIMENTAL PROCEDURES
| Antibodies
Antibodies against the components of human THO have previously been reported ). Antibodies against XRN2, CstF64, CstF77, DDX5 (A301-103 A, A310-359A, A301-096A, A300-523A, respectively; Bethyl Laboratories), DDX17, RNAP II, DHX9 (SC-398168, SC-899, SC-137232, respectively; Santa Cruz), Ago2 (clone 4G8; Wako pure chemicals), mouse IgG (610-4412; Invitrogen), FLAG peptide (M2; Sigma) and GAPDH (AM4300; Ambion) were commercially acquired.
| Cell culture and transfection
The human cervical carcinoma cell line HeLa was used throughout this study. Cells were cultured as previously described. Transfection of plasmid DNAs or siRNAs was carried out using Effectene (Qiagen) and Lipofectamine RNAiMax (Thermo Fisher Scientific) reagents according to the manufacturer's protocols (Katahira et al., , 2013 . For temperature shift experiments, a final concentration of 5 mM HEPES-NaOH (pH 7.0) was included in the culture medium, and cells on dishes were incubated in a 43°C water bath for the indicated period. DsRed, THOC5 ), XRN2 (West et al., 2004) and DDX5/DDX17 (Dardenne et al., 2014) siRNAs were obtained from Nippon EGT.
| Immunoprecipitation and mass spectrometry
Immunoprecipitation was carried out as previously described (Katahira et al., 2013) . Briefly, HeLa cells grown in 10-cm dishes (1 dish per immunoprecipitation) were harvested, resuspended in RSBN (10 mM Tris-HCl (pH 7.4)/100 mM NaCl/2.5 mM MgCl 2 /0.1% NP-40) containing 40 μg/ml RNase A and lysed by brief sonication. After centrifugation at 13,000 g for 10 min, the soluble supernatant was mixed with protein G-Dynabeads (Thermo Fisher Scientific) that had been incubated with anti-THOC7 antibody. Rabbit anti-mouse IgG antibody was used as a control. Mass spectrometric analysis of THOC7-interacting proteins was carried out in house and at the Center for Medical Innovation and Translational Research (COMIT) of Osaka University Medical School.
| Chromatin immunoprecipitation (ChIP) assay
ChIP and subsequent semi-quantitative PCR analysis were carried out as described previously (Katahira et al., 2013) . Briefly, cells treated with the indicated siRNAs for 72 hr were used. The siRNA-treated cells grown on 10-cm dishes were cross-linked with 1% formaldehyde for 10 min at room temperature, and the cells were washed with PBS and removed from dishes into cell lysis buffer 1 (5 mM HEPESNaOH (pH 7.9)/85 mM KCl/0.5% NP-40). The cell nuclei were collected by low-speed centrifugation and resuspended in RIPA buffer (10 mM Tris-HCl (pH 8.0)/100 mM NaCl/1 mM EDTA/0.5 mM EGTA/1% Triton X-100/0.1% deoxycholate/0.05% SDS) supplemented with protease inhibitors (Complete EDTA-free, Roche). The cross-linked chromatin was sheared by sonication (Bioruptor, COSMO BIO), and the insoluble material was removed by centrifugation at 13,000 g for 10 min. The supernatant was mixed with Protein G-Dynabeads that had been pre-incubated with each antibody and salmon sperm DNA (0.2 mg/ml; Thermo Fisher Scientific). The mixtures were incubated at 4°C for 16 hr. After extensive washing with RIPA buffer, the bound chromatin fragments were released from the beads and de-crosslinked by incubating in 50 mM Tris-HCl (pH 8.0)/5 mM EDTA/1% SDS at 65°C for 6 to 12 hr. The de-cross-linked chromatin samples were treated with RNase A, followed by deproteinization by Proteinase K treatment and phenolchloroform extraction. After ethanol precipitation, the ChIP DNA fragments were subjected to PCR. The sequences of the primer sets are shown in Supporting information Table S2 . Unless otherwise stated, the cells were cross-linked at 20 min after heat shock.
| Miscellaneous
An expression vector for RNase H1 was constructed by inserting a cDNA encoding the nuclear form of human RNASEH1 (GenBank accession NM_002936) into the pME-FLAG vector (Sasaki et al., 2005) . In situ hybridization, immunofluorescence analysis and RPA were carried out as previously described (Katahira et al., , 2013 . RT-qPCR analysis was carried out using SuperScript III reverse transcriptase (Thermo Fisher Scientific) with random hexamer and Luna Universal qPCR Master Mix (NEB) according to the manufacturer's protocols. Relative amounts of HSPA1A downstream transcripts under different conditions were determined by the ddCt method. A primer set qP7 was used as an internal control for the normalization of the PCR, and siDsRed-transfected HeLa cells served as a calibrator (Geomela, Kontos, Yiotakis, Fragoulis, & Scorilas, 2012) . The relative amount of the HSPA1A mRNA under different conditions was determined by RT-qPCR analysis as above using a primer set for human HSPA1A. A primer set for human β-actin was used as an internal control. The nucleotide sequences of the qPCR primers are given in Supporting information Table S2 . The sizes of HSPA1A mRNA-containing nuclear foci were determined by using the measurement tool of Adobe Photoshop CS6.
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